An experimental study of boilover phenomena in connection with crude oil and kerosene pool fires was carried out in the large scale test facilities of the Fire Research Institute of Japan. Arabian light crude oil was burned in steel pans ranging from a circular one with a diameter of 0.3 m to a square one with a 2.7 m side. An oil layer of 10 mm to 100 mm was floating on water in the pans.
INTRODUCTION
Because of their abundance the fire safety of various crude oil storage facili ties must be of great concern. Al though much is known about boilover in connection with oil tank fires, serious accidents still occur tank it may grow to a thickness of several meters" When the lower boundary of the hot zone reaches a layer of water on the bottom of the tank a sudden vaporization of water may occur. In spite of the rather extensive studies, complete understanding of the mechanisms of boilover is still lacking.
Boiling of water may also occur under a thin layer of fuel and without the existence of the hot zone. The necessary condition is that the burning temperature of the liquid be so high that the water is heated to its boiling point as a re suI t of conduction, convection and radiation through the fuel.
In this case, the boiling increases the burning rate by only a fact.or of about t.wo. To contrast this behavior with bo i l o ve r, this phenomenon is referred to a thin layer boilover. The burning of thin layers of crude oil have been studied by Twa rd us and Brz us towskt?", by Evans e t a1. 9 >, by lto e t a1. In this work, we have studied the effect of the thickness of the crude oil layer on bo i l o ve r , Another important aspect of this study is the measurement. of the amount. of residue in pan. This information is needed to evaluate the potential effectiveness of burning as a method of cleaning up crude oil spills. To improve our understanding of the boil over phenomenon, kerosene, which is also a mixture of hydrocarbons with a narrower and lower range of boiling points than crnde oil, was burned under similar conditions. EXPERIMENTAL A schematic of the experimental setup is shown in Figure 1 . Steel pans were placed at the center of the floor of the main test room of the large scale test building of the Fire Research Institute of Japan. For safety reasons the t.est pan was placed inside a large vessel to restrict the spread of oil when boilover occurred. The test room is 24 mX24 m and 20 m high, I.e., big enough so that the walls and the ceiling do not influence the fire. Arabian light crude oil and kerosene were used as fuels. Properties of the Arabian light crude oil are given in Table 1 .
The tests were made using circular pans of diameter, 0.3 m, 0.6 m, 1 m and 2 m, and a square pan with 2.7 m sides. We define the effective diameter of the square pan as the diameter of a circle C3.05m) with area equal to the square pan. The pans were filled with water and fuel so that only a 20 mm lip was left for the pans except the largest, which had a 30 mm lip. The fuel layer thickness was varied over the range 10 mm-r-100 mm, The measuremen ts co nsisted of fue I leve I regression ra te, external radiation, temperatures inside Figure 1 Schematic diagram of the apparatus the liquid and in the flame. After fire extinction, the amount of residual fuel left in the pan was also measured. The fuel regression rate was measured with a float-type level meter connected to the pan. Until boiling occurs the regression rate is almost equal to the burning rate. Al though the lip heigh t varied during the test, the effect of the variations on the burning rate is believed to be small because of the thin initial layer of the fuel.
Radiation from the entire flame to the surroundings was measured by three thermopile-type wide angle radiometers. They were pointing horizontally at the level of the pan edge towards the flame axis at radial distances of L/D= 3, 5, 7, where L is the distance from the axis to the radiome ter and D is the pan diameter.
The tempera tures inside the flame and in the fue I and water were measured using 0.3 mm diameter K-type thermocouples sheathed with a 1.6 mm diameter stainless steel tube. Thermocouples were located at various heights along the pan axis, and at radial distances of 0.17 m and 0.39 m from the axis. The outputs of the sensors were recorded continuously on a strip chart recorder or on a digital data acquisition system with a scanning period in the range of 10 s to 60 s. After boilover and extinction, unburned fuel was collected with a beaker and was easily separated from the water. The mass of the cooled residue was measured with a balance.
In some of the tests smoke emission and combustion efficiency were measured, but these resul ts are reported elsewhere 1 2 ) .
HESULTS AND DISCUSSION
A summary of the key test resul ts is given in Table 2 . In cases where the test was repeated under the same conditions the resul t shown is the average of the tests. Fue 1 regression ra te and radiation data are consisten t with previous resul ts 1 2 ) .
Time history of fuel regression rate Figure 2 shows the time history of the fuel regression rateCburning rate) of :10 mm crude oil layer in aIm diameter pan. About two minutes after ignition, fuel regression rate reaches a plateau and is maintained until thin lay- 10 12 Time ( er boilover occurred. At the end of burning, water splashing occurred and fuel regression rate increased due to thin layer boilover.
Time history of radiation Figure 3 shows the time history of the radiative heat flux at various distances in three different tests in aim diameter pan. Figures 3(a) and 3<b) are from tests with a crude oil of layers 30 mm and 100 mm, respectively. Figure 3(c) is from a test with 100 mm layer of kerosene. Figure 3(b) represents a test with a boilover at the end of burning, whereas in the other two tests only a thin layer boilover, water and fuel splashing occurred at the end of the burning. The splashing of water and fuel at the end of kerosene burnings did not re su l t in a measurable increase in the radiative heat flux.
Time history of fuel temperature
The thermocouples at the same height at different radial distances from the axis in the f ue I layer showed that the radial temperature varia Hans were not significant. The results confirm those of Hasegawa, who found fur a mixture of diesel oil and gasoline a temperature variation of ± 4°C at the same level. In the crude oil fire, the surface temperature rises first to about 220'C. After several minutes, a hot zone begins to form as indicated by two or more thermocouples having the same temperature. The temperature of the hot zone increases slowly. For example, 20 min after ignition, the th ree lowest thermocouples all indicate a temperature of about 265°C suggesting that the thickness of the hot zone is more than 40 mm. The temperature of the layer increases to about 400 T before boilover occurs.
In the kerosene fire, the surface temperature rises first to about 210"C but decreases slightly towards the end of the burning. No isothermal layer is formed; the temperatures measured by the thermocouples remain approximately constant only as long as part of the thermocouple is touching the surface. Because of surface tension, the thermocouples may be in contact with the surface longer than expected from the surface regression rate on l y, Figure 5 shows the t.emperature distribution close to the fuel surface (both above and below) at various moments in the tests of Figure 4 in 100 mm layers of crude oil fire ( Figure 5 (a» and kerosene fire ( Figure 5 (b». In Figure 5 (a), the positions of the surface and the lower boundary of the hot zone, which were calculated from data of surface regression rate and heat wave regression rate, are shown by dashed lines. Both the hot zone thickness and the temperature of the hot zone increase toward the end of the burning. A hot zone was not observed until about 10 minutes after ignition. There is a small gradient of temperature inside the hot zone with the surface 10-20°C warmer than the bo t tom of the zone. The surface tempe ra ture increased wi th time, which is different from Petty's crude oil fire result for a 50 mm layer fue 1 in 2 m pan Distance from initial fuel surface (mm) Distance from initial fuel surface(mm) (a) crude oil (b) kerosene Figure 5 Deve lopmen t of vertical temperature pro file with 100 mm initial fue I thickness in 1m pan fires which were from the same tests of Figure 4 . Numbers in the figures are times after ign l tion(uni t: mi n). Dash I i ne s show range of hot zone.
In the case of the kerosene fire, Figure 5(b) , the fuel temperature decreased steeply with vertical distance from fuel surface, with a gradien t of about 15 0 C/mm compared to a gradient of about 1 0 C/mm for the case of crude oil. Clearly, there is no isothermal layer for burning kerosene.
In the crude oil fire, the thermocouples embedded in the water sub layer indicated temperatures of higher than JOO·C before boilover occurred. Blinov and Khudvakov"? reported boiling temperatures of water of about 130OC, but we think their result is doubtful. The high temperature may be partly due to superheating of the water, which also explains the enormous intensity of the boilover. In our case, however, the interface between water and oil was not calm, and therefore the thermocouple close to the in terface may show an average of the water and oil temperatures. Also, the thermocouple itself is expected to be a nucleation site for boiling, and such boiling is not expected to be accompanied by significant superheating.
Time to the start of boilover Figure 6 shows the relationship between the initial fuel thickness, Ho , and the time to the commencement of boilover in various pans with crude oil on a water sub Iaye r. There is large scatter among the tests, but a linear fit to the data gives a slope of u =3.1 mm/min. Here u is equal to the average hot zone regression rate (or heat wave regression rate).
As seen from Table 2 the average surface regression rate is about 2.2 mm/min, and therefore the thickness of the hot zone increases with an average rate of 0.9 mm/min. In some tests the thickness of the hot zone increased much more rapidly. For example in the test shown in Figure 4 (a) the rate of increase of the thickness was about 2 mm/min. The causes of the large variations are not known.
We have assumed that the thickness of the hot zone increased lineally with which shows a linear increase of the thickness of the ho t zone until 90 min, when the boilover occurred in a 1.8 m crude oil pan. There is a need for additional experiments to resolve this discrepancy.
Intensity of boilover
We characterize the intensity of boilover using the ratio W=vbo/vat (2) where Vat is the average fuel regression rate during the quasi-steady state and vs.; is the maximum fuel regression rate during the boilover. Another measure of the intensify of boilover is the ratio of irradiance, qbo/qat, where qbo is the maximum irradiance at L/D=5 during boil over and qat is the average irradiance at L/D=5 during quasi-steady burning.
In spite of limited and large scatter of data, Figure 7 shows that the intensi ty of boilover increased with increasing ini tial fuel layer thickness in the 1 m diameter pan. The deeper the initial fuel layer thickness was, the longer burning continued before boilover. For this reason, the intensity of bo i Iove r, W, increased as the hot zone became thicker and its temperature became higher. Figure 7 shows that there is a transition to high intensity boilover for initial fuel level thickness greater than 60 mm.
Influence of the pan diameter
The surface regression rate was almost constant for diameters greater than 1 m. In pans smaller than 1 m the regression rate was slightly lower and was consistent with Babrauskas's 1 5 ) equation for quasi-steady state burning. v=v oo X (l-exp(-J(; XD» (3) where Voo is the burning rate for an infinite diameter pan and the coefficient J(; is repo rted '?" as 2.8m-1 for crude oil. According to Blinov and Khudyakov"" the hot zone regression rate of crude oil in a 2.6 m pan is twice as high as observed in a 1.3 m pan. In a smaller pan nei ther a hot zone nor boilover was observed. Hasegawa found both a minimum and a maximum diameter within which the hot zone was formed in a mixture of diesel oil and gasoline. He did not find any hot zone in pans with a diameter larger than 0.9 m.
In our tests the hot zone regression rate was not significantly affected by the pan diameter over the range 0.3 m in diameter to 2.7 m side of square. For a 11 of the tests the average ho t zone regression rates were within 2.5 and 4.4 mm/min. Both the maximum and the minimum values were obtained in the tests with the 0.6 m diameter pool.
The influence of the pan diameter on the intensity of boilover was studied in a series of tests with a 20 mm fuel layer. The results, shown in Figure 8 , large amoun t of unburned fuel is thought to result from the at boilover. For smaller fuel Unburned residue Immediately after flame extinction the fuel formed a froth filling the pan. After the fuel had cooled the thickness of the residue was measured. With thin layers the residue was collected from the surface and the effective thickness was measured based on the weight. Table 3 shows the thickness of the residue after boil over in the tests in aIm pan with differen t initial fuel layer thicknesses.
From Table 3 we can see that when the initial fuel layer is 40 mm or less the thickness of the residue is of the order of 1 mm. For layer thicknesses of 50 mm or more the thickness of the residue is of the order of 10 mm; that is, about 10-20 % of the initial fuel was unburned. This resul t is similar with Petty result 1 U , that 5-15 % of initial fuel was unburned for a 50 mm fuel layer in a 2 m pan. This sudden change in residue fraction at the 50 mm fuel layer is probably a result of the formation of a hot zone. The for a layer thicknesses greater than 50 mm vigorous mixing of the hot zone and water layers, apparently no hot zone was formed.
The properties of the residue were very different from the original fuel. For example, the flash point was higher than 80 0 C and the density was about 950-990 kg/m 3 compared to 850 kg/m 3 for the fresh crude oil. When the residue was kept in a separate vessel it became solid-like in about one day. If the residue was reignited after it had coo led down below the flash point, it burned for several minutes, but because of the boiling of the water sub layer it could never be completely consumed by burning. The water lost from the sub layer was a few centimeters at most, which suggests that the depth of the water does not have a large effect on the amount of residue. heat wave regression rate, and v govern the .h ot zone thickness and the intensity of the (l> boilover. In the largest pan fire, bo i l ove r C 1-did no t seem to occur. We e s tima te that the hot zone must be at least 5-10 mm for intense boilover to occur.
SUMMARY AND CONCLUSIONS
Burning rates, ho t zone regression rates and external radiation values were measured for Arabian light crude oil burning in pans ranging from a circular one with a diameter of 0.3 m to a square one wi th 2.7 m sides.
The hot zone regression rate was found to have a value of about 3mm/min independent of pan diameter over the range 0.3 m to 1 m, With a constant fuel thickness the relative increase of the burning rate during boil over decreased with increasing pan diameter.
When boilover occurred, the burning rate and the external radiation increased dramatically. For initial fuel layers greater than about 50 mm, there were greatly increased burning rates during boilover with a 10 fold increase residue for a 100 mm layer and also a 7 fold increase in the unburned fuel. The maximum intensity of burning was found to be related to the hot zone thickness and to the initial fuel thickness. A hot zone of at least 5-10 mm layer thickness was found to be necessary for boilover.
